eight ascospores that result from the mitotic division that follows meiosis. The availability of the b2 gene, which codes for spore color and has been cloned and subjected to MIP (Colot and Rossignol, 1995) , further facilitates the detection of methylation transfer during meiosis by direct visualization, in single cells, of the resulting products. Finally, since recombination is induced to high levels during meiosis and since the b2 gene is a well-characterized hot spot of meiotic recombination (Rossignol et al., 1988) , the relationship between methylation transfer and meiotic recombination can be examined in a sensitive and statistically significant manner.
By performing crosses between strains that differ in the methylation status (methylated versus unmethylated) of their respective b2 allele, we were able to demonstrate that methylation transfer frequently occurs during meiosis. Extensive molecular and genetic analysis provide strong evidence that this transfer is mechanistically related to recombination. The wild-type b2 gene conditions a brown-spore phenoCross Used for the Methylation and Inactivation by MIP of a Resident b2 Allele type and methylated and inactivated b2 derivatives a white-spore phenotype (Colot and Rossignol, 1995) . MIP (A) The thin line represents the HindIII restriction map of the original 18 kb b2 genomic clone (Colot and Rossignol, 1995) , the thick line of the b2 gene was obtained by first constructing haploid data not shown). In no case did methylation spread outside the duplicated region (data not shown). In cross 1, the two parental b2 alleles differ only by their methylation status, whereas in cross 2 they also differ by the presence of mutational alterations (see text). The methylated allele used in cross 1 was obtained by MIP following its duplication with one b2 transgene and that used in cross 2 following its duplication with another b2 transgene. a Total number of asci scored in the progeny of each cross. b Progeny contained also one ascus with four brown, one pink, and three white spores ( Figure 2B ). c Over nine-tenths (13 out of 14) and about two-thirds (22 out of 32) of the 0B:8W asci that were analyzed in crosses 1 and 2 were true 0B:8W asci, respectively, the rest being phenocopies of 2B:6W asci. Based on these values, the number of true 0B:8W asci in crosses 1 and 2 is still significantly larger (12-and 8-fold, respectively) than expected from the chance occurence of two independent methylation transfer events (the expected number is f 2 N, where f is the frequency per chromatid and N the number of asci scored in total. f ϭ (x ϩ 2y)/2N, x being the number of 2B:6W asci and y the number of true 0B:8W asci).
Results

Isolation of Parental Haploid Strains Carrying a Methylated and Inactivated
Mendelian and Non-Mendelian Segregation of the Parental b2 Alleles Occurs in b2
؉ ؋ b2 ؉mi Crosses When a wild-type strain is crossed with a strain carrying any mutant b2 allele, the majority of the asci produced after meiosis display a 4:4 segregation of the wild-type and mutant alleles. However, non-Mendelian segregation of the two alleles is also observed, at a frequency that depends on the location and the type of mutation within the gene (Rossignol et al., 1988) . This non-Mendelian segregation reflects the occurrence during meiosis of gene conversion, i.e., of nonreciprocal transfer of information between the two alleles. To investigate whether or not transfer of DNA methylation could also occur between alleles, we performed a cross between a strain carrying a b2 ϩmi allele and a strain carrying an unmodified b2 ϩ allele. Progeny of that cross (cross 1, Table 1 ; Figures 2A and 2B ) contained a large majority of asci with four brown and four white spores (4B:4W, class I asci), indicating that the two parental b2 alleles segregate in Mendelian fashion and that the inactive state of the b2 ϩmi allele is stably transmitted both vegetatively and through meiosis.
Progeny of cross 1 also contained asci that exhibited aberrant segregation patterns of spore color. These asci fall into four classes (classes II-V, Table 1; Figure 2B ). Each of these classes exhibited a deficit of brown spores and therefore provided strong evidence for some form of "conversion" of the wild-type b2 ϩ allele by the methylated and inactivated b2 ϩmi allele. Class II asci contained two brown and six white spores (2B:6W asci) and class III asci, eight white spores (0B:8W asci). Classes IV and V were characterized by the presence of "pink" spores, i.e., of spores only lightly pigmented, reflecting partial inactivation of the b2 allele transmitted by the b2 ϩ parent. Furthermore, asci of class IV and most asci of class V were indicative of postmeiotic segregation of spore color, class IV asci containing five white spores and either three brown or two brown and one pink spores (these asci were all designated as 3C:5W asci, C standing for colored spores) and Class V asci containing four (Table 1 ).
white spores is also shown.
To verify the generality of the results obtained with (C) Typical progeny produced in crosses between a wild-type strain cross 1, we performed numerous crosses that involved and one of the eight pairs of twin strains that were derived from independently isolated b2 ϩmi alleles. All crosses prodifferentially pigmented twin spores of 3C:5W asci of cross 1. Note the abundance of asci with more than four pigmented spores.
duced the same five classes of asci that were observed in cross 1, although the frequency of each class varied between crosses (data not shown). of the growing mycelia was analyzed as before. No methylation was observed for the parental b2 ϩ strain nor for the two mycelia derived from the two brown Interallelic Methylation Transfer during Meiosis As a first step in demonstrating that methylation transfer spores ( Figure 3B ). In contrast, mycelia derived from the six white spores showed intense methylation of all or was responsible for the conversion of the b2 ϩ allele by the b2 ϩmi allele in b2 ϩ ϫ b2 ϩmi crosses, the eight spores some of the NdeII/Sau3A sites. Methylation was identical to that of the b2 ϩmi parental allele in four mycelia but of a 2B:6W ascus of cross 1 were germinated, and DNA are only shown for pair 1. The color of the spores from which strains (B) Methylation analysis. Hybridization was performed with the 7.5 were derived is indicated above the lanes (stippled oval: pink spores; kb HindIII fragment. N: NdeII, S: Sau3A. The color of the spore from others as in Figure 3 ). Pairs 6 and 7 show identical methylation but which each of the eight progeny strains was derived is indicated derive from pink/white and brown/white twin spores, respectively. above the relevant pair of lanes (solid oval: brown spores; clear oval:
(B) Methylation profiles of the b2 alleles of pairs 1-8. Symbols are white spores). For an unknown reason, NdeII fragment 5 migrates as as in Figure 3A . a smear when methylated (four right-most NdeII lanes). (Figure 4 ), indicating that postmeiotic segregation of limited to the sites located between the NdeII fragments spore color in no case correlated with any discernible 1-2 and 2-3 (sites 1/2 and 2/3) in the other two mycelia.
imprinting differences in the b2 gene between twin These observations, together with the genetic analysis spores (this point is analyzed further in the last section that allowed the identification of twin spores (i.e., spores of Results). In other words, each of the eight recipient issued from the same meiotic product following the meiotic products that were tested transmitted an apparpostmeiotic cell division; see Experimental Procedures), ently identically methylated b2 gene to their two daughter spores. This implies that methylation transfer leads indicated that the non-Mendelian segregation of spore to newly methylated DNA molecules that are always color exhibited by the 2B:6W ascus was caused by a similarly imprinted on both strands before postmeiotic meiotic gene conversion-like process. This resulted in DNA replication. the acquisition of a methylation imprint over part of the b2 gene on one of the two meiotic products derived from the b2 ϩ parental chromosome.
Polarity of Methylation Transfer
The frequency of gene conversion decreases from one end of the b2 gene to the other (Paquette and Rossignol, Methylation Is Equally Transferred to the Two 1978; Rossignol and Paquette, 1979) , the high conver-DNA Strands of the Recipient Product sion end being the 5Ј end (V. C. and O. Lespinet, unpubThe presence of asci indicative of postmeiotic segregalished data). The fact that six of the nine newly methyltion of spore color in b2 ϩ ϫ b2 ϩmi crosses suggested ated alleles analyzed so far had a methylation tract that methylation transfer could lead at times to recipient restricted to the 5Ј portion of the b2 gene suggested meiotic products that were unequally imprinted on the that methylation transfer was also polarized (Figures 3 two DNA strands before the first round of postmeiotic and 4). To confirm this result, we examined the methyla-DNA replication. To explore this possibility, we germition status of the recipient meiotic product of another nated the differentially colored twin spores of eight 11 2B:6W asci of cross 1. To simplify the analysis, and 3C:5W asci of cross 1 and examined methylation of the since twin spores were expected to carry similar methylgrowing mycelia. Although differences of methylation ation imprints (see above), we germinated only one of were readily observed between some pairs of twin the two spores corresponding to each of the three meiotic products that gave rise to white spores. DNA was strains, no such differences were observed within pairs (C) Methylation profiles of newly methylated b2 alleles that were issued from 13 2B:6W asci and 13 true 0B:8W asci of cross 2. Symbols are as in Figure 3A . An asterisk denotes a b2 allele that also experienced a gene conversion event from b2-⌬G towards b2-E. The number of newly methylated alleles issued from 2B:6W asci is shown in the left column for each profile. The two newly methylated b2 alleles issued from each 0B:8W ascus are indicated by the same letter (a-m for the 13 asci). Thus, a letter can appear in front of a single profile (and is then underlined) or of two profiles, depending on whether or not the two relevant alleles exhibit the same profile. One converted allele shows methylation up to fragment 4 only, indicating that the NdeII/Sau3A site 4/5 is not methylated. Digests with additional methylation-sensitive restriction enzymes were used to show that methylation spanned the converted site on this allele, too. (D) Histogram representing the frequency with which methylation affects each of the 10 NdeII fragments of newly methylated b2 alleles. Hatched bars, solid bars, and stippled bars refer to the 12 alleles derived from 2B:6W asci of cross 1, the 13 alleles derived from 2B:6W asci of cross 2, and the 26 alleles derived from 0B:8W asci of cross 2, respectively. The arrow depicts the putative b2 open reading frame.
extracted from the growing mycelia and analyzed as and should be indistinguishable from methylation transfer events alone ( Figures 6C and 6D ). before. At least two of the three mycelia from each ascus exhibited a methylation profile identical to that of the The b2-⌬G ϫ b2-E mi cross (cross 2) produced the same five classes of asci as the b2 ϩ ϫ b2 ϩmi cross 1, parental b2 ϩmi strain (data not shown). In marked contrast, methylation of the third mycelium was restricted though with somewhat different frequencies (Table 1) .
To detect b2-⌬G to b2-E conversion events, we perto only some NdeII/Sau3A sites in nine cases ( Figures  5A and 5B) and exhibited a 5Ј-to-3Ј polarity in seven formed polymerase chain reaction analysis with primers flanking the b2-⌬G deletion on mycelia derived from the of them. These results demonstrate that methylation transfer is polarized and that it shares the same polarity as gene conversion.
Gene Conversion and Methylation Transfer Are Mechanistically Related
The above results suggest that gene conversion and methylation transfer share common steps. To look directly for association between the two processes, we performed a cross that brought together two b2 alleles that differ both by their methylation status and by the presence of mutational alterations. The unmethylated allele b2-⌬G carries a silent 534 bp deletion in the NdeII fragment 4 (V. C., V. Haedens, and J.-L. R., unpublished a result of methylation transfer in b2 ϩ ϫ b2 ϩmi crosses parent carried either a resident mutant b2 allele (b2-F1) 
High Frequency of Methylation Transfer
c Only one of the two meiotic products issued from the b2-⌬G parento the Two Sister Chromatids tal allele was converted in each of the five 0B:8W asci.
Genetic analysis showed that over nine-tenths and about two-thirds of the 0B:8W asci of crosses 1 and 2, respectively, reflected inactivation of the two recipient eight spores of a number of asci representative of each meiotic products and were thus true 0B:8W asci (see of classes II-V of cross 2. A set of seven b2-⌬G to b2-E Table 1 ). The remaining fraction of 0B:8W asci correconversion events was observed in total, and all were sponded to phenocopies of 2B:6W asci that had arisen found among 2B:6W asci and 0B:8W asci (Table 2) and as a consequence of uncontrolled variations in the intenwere thus associated with methylation transfer. On the sity of pigmentation between asci. The frequency of true basis of the number of events detected in our sample, 0B:8W asci in crosses 1 and 2 was significantly higher the b2-⌬G to b2-E conversion frequency was estimated (12-and 8-fold, respectively, Table 1 ) than predicted by to be about 0.8% in cross 2 (Table 2) . If gene conversion the chance occurence of methylation transfer to the and methylation transfer were two independent protwo potentially recipient sister chromatids (Table 1) . To cesses, less than one conversion event instead of seven investigate this observation further, we set out to anawould be expected in our sample of 100 asci that were lyze methylation of the two recipient meiotic products unambiguously reflecting methylation transfer. Furtherof 12 true 0B:8W asci of cross 2, including two that more, no conversion event was found among the five exhibited a b2-⌬G to b2-E conversion event. As a conasci analyzed from cross 2 that putatively reflected control, methylation analysis was extended to the recipient version events not associated with methylation transfer product of 13 2B:6W asci issued from the same cross, (i.e., with two brown, two pink, and four white spores).
including two b2-⌬G to b2-E-convertant asci. Clear dif-A group of 12 asci of this type produced in related ferences of methylation were observed between the two crosses was also analyzed, and all reflected methylation recipient meiotic products of six 0B:8W asci, which intransfer alone (data not shown). This strongly contracluded the two convertant 0B:8W asci ( Figure 5C , proddicts the hypothesis that gene conversion occurs indeucts b, d, f, g, a/a*, and c/c*). Thus, half of the 0B:8W pendently of methylation transfer, since in that case asci resulted unambiguously from two distinct transfer almost all asci with two brown, two pink, and four white events. Furthermore, methylation transfer displayed a spores should have reflected conversion events alone.
5Ј-to-3Ј polarity similar to that previously established Finally, the observation that methylation spanned the ( Figures 5C and 5D ). Finally, methylation spanned the converted site in the four b2 alleles tested (see below;
converted site of the four converted recipient meiotic Figure 5C ), provides further strong evidence that the products that were analyzed ( Figure 5C ; data not same physical intermediate is involved in both proshown), providing further evidence of a shared intermecesses.
diate between methylation transfer and gene conversion. Taken together, these observations demonstrate Methylation Transfer Is Dramatically Affected that 0B:8W asci are produced as a result of two nonindeby Ectopic Positioning or Natural pendent, often distinct, methylation transfer events DNA Polymorphism whose outcome is otherwise indistinguishable from that If gene conversion and methylation transfer are mechaof the single events that lead to 2B:6W asci. nistically related, factors that reduce one should also reduce the other. To verify this, we compared the effects of gene displacement and natural DNA polymorphism Methylation Transfer Often Generates Alleles That Are Less Stable Than the Donor Allele on gene conversion and methylation transfer.
The effect of gene displacement was tested by carStrains corresponding to the three meiotic products harboring a methylated and inactivated b2 allele and that rying out two sets of crosses. In both sets, one parent harbored a null b2 allele (b2-⌬1230) and a functional were derived from 12 2B:6W asci of cross 1 (above) were analyzed genetically through crosses with a b2 ϩ b2 transgene unlinked to the resident locus. The other tester strain. This analysis confirmed that the b2 ϩmi allele was faithfully inherited, since two of the three strains derived from each ascus produced progeny similar to that of the parental cross 1 and showed methylation similar to that of the parental b2 ϩmi allele (data not shown). Whereas the third strain derived from five asci also produced progeny similar to that of the parental cross 1, the third strain of another seven asci produced progeny characterized by a significant proportion of asci with more than four colored spores (the frequency of this new class of asci ranged between 3.6% and 36% of all progeny). This indicates that methylation transfer frequently produces alleles that are less stable than the is not intended to accomodate observations that might be specific to that were analyzed molecularly (see above; Figure 5A) the b2 gene. The possibility that DSB formation might be sensitive were also subjected to genetic analysis by crossing to methylation was also ignored. Hemimethylated DNA, the substrate for methylation transfer in the model, is obtained by DNAthem with a b2 ϩ tester strain. Twin strains always pro- aberrant segregations demonstrate conclusively that the expression of the newly methylated b2 allele hardecision to make double-strand breaks (DSBs; Xu and bored by each of the eight parental twin strains is intrinsiKleckner, 1995; Rocco and Nicolas, 1996) . DSBs occur cally variable and therefore that metastable expression at specific sites that lie close to the high end of gene states can be generated as a result of methylation conversion gradients and are the first chemical disruptransfer.
tions of DNA in meiotic recombination (reviewed by Lichten and Goldman, 1995). They are followed by the exoDiscussion nucleolytic degradation of their 5Ј ends to yield 3Ј singlestrand tails (Sun et al., 1991; Bishop et al., 1992) . InvaUsing a genetically well-characterized meiotic recombision of the homologous chromatid by the broken strands nation hot spot, the b2 spore color gene, and the process occurs subsequently and leads to the formation of douof MIP to methylate this gene over its entire length, we ble Holliday junctions (Schwacha and Kleckner, 1995 ; have shown that methylation can be frequently trans- Figure 7 ). DNA-repair synthesis from the 3Ј ends, toferred to an unmethylated allele during meiosis. We have gether with mismatch correction of the heteroduplex also shown that, first, methylation transfer and gene DNA generated by the double Holliday junctions, will conversion share the same 5Ј-to-3Ј polarity along the lead to gene conversion, and resolution of these juncb2 gene; second, conversion of a mutated site present tions will lead to recombinant products that are either on a recipient unmethylated b2 allele is always associnoncrossover or crossover (Szostak et al, 1983 ; Sun ated with a transfer of methylation (and methylation et al., 1991 ; for other possibilities, see Schwacha and spans the converted site) ; and, third, conversion and Kleckner, 1995) . methylation transfer are both dramatically reduced by Most of the extensive genetic data accumulated on either the ectopic positioning of the two interacting b2 recombination within the b2 gene are in agreement with alleles or by their nucleotidic divergence. These results the DSB model of meiotic recombination (Rossignol et provide strong evidence that methylation transfer is al., 1988; Nicolas and Rossignol, 1989) . This model and mechanistically related to meiotic recombination. its extension to include early DNA-DNA interactions between intact homologous duplexes therefore provides a legitimate framework within which to discuss the idenPossible Common Intermediates for Methylation Transfer and Homologous Recombination tity of the putative intermediate or intermediates and methyltransferase activity or activities involved in methMolecular insights into meiotic recombination come chiefly from studies in yeast. In the first place, DNA-DNA ylation transfer. Methylation transfer relies by definition on the exispairing interactions are thought to occur at the sites of recombination initiation between the intact duplexes of tence of methylation-dependent methyltransferase activities, since it needs the presence of methylation on homologous chromosomes (Weiner and Kleckner, 1994) . These early interactions have been proposed to one of the two interacting DNA molecules to occur. Given that methylation maintenance in Ascobolus relies play a role in the sensing of DNA homology and in the on a copy mechanism from one strand to its complement mechanism exists that prevents this preferential association from systematically leading to methylation transand hence on methylation-dependent methyltransferase activities (see Introduction), the most likely subfer. LOI can be explained more economically by supposing that it is related to somatic recombination. Somatic strate for methylation transfer is the hemimethylated DNA that results during meiotic recombination from reprecombination can be viewed as a mere byproduct of DNA repair and occurs at a low frequency that depends lication repair ( Figure 7A, intermediate 1) and from the formation of heteroduplex DNA ( Figures 7A and 7B , inon that of DNA damage (Esposito and Wagstaff, 1981; Haynes and Kunz, 1981) . This could account for the fact termediates 2 and 3). However, we cannot rule out at this stage the possibility that methylation transfer occurs that LOI is sporadic and therefore rare at the cellular level. The finding that hypermethylation of the maternal through the recognition of an earlier intermediate by the same or other methyltransferase activities. This interme-H19 allele is frequently associated with homozygosity exclusively across that gene is also consistent with a diate could be, for example, the initial DNA-DNA pairing structure that is thought to be formed between the two role for recombination in LOI (Moulton et al., 1994) . Since this homozygosity is not a feature of the general populaintact homologous duplexes (Weiner and Kleckner, 1994) or a hypothetical DNA triplex (Camerini-Otero and tion of nonaffected individuals, it may reflect the occurrence of gene conversion associated with methylation Hsieh, 1993).
Methylation transfer affecting the two potentially retransfer early in the development of Wilms' tumor patients (Moulton et al., 1994) . Incidentally, the frequent cipient chromatids was observed more frequently than expected by chance alone. In sharp contrast, conversion association between homozygosity across H19 and LOI would also suggest that individuals who inherit homozyevents affecting the two sister chromatids can always be interpreted as resulting from the sum of two simple gous rather than heterozygous H19 alleles will be more prone to experiencing recombination-mediated methylindependent events (Leblon, 1972; Paquette and Rossignol, 1978) . This implies that methylation transfer to ation transfer, in keeping with the fact that natural DNA polymorphism presents a barrier to recombination (rethe two sister chromatids cannot be mediated by two interactions that both have the potential to lead to gene viewed by Radman and Wagner, 1993 ; this study). Paramutation offers a striking example in plants of an conversion. Some methylation transfer events must therefore be effected by a conversion-deficient process.
epigenetic modification that results from somatic interactions between alleles (reviewed by Brink, 1973; PatEarly intermediates, such as those mentioned above but that never proceed as far as necessary to allow gene terson and Chandler, 1995) . Furthermore, in the two cases in which the paramutagenic allele is known to be conversion, might exist that would be responsible for these events. Alternatively, conversion-deficient events methylated, paramutation is associated with an acquisition of methylation by the paramutable allele (Meyer et might occur through abortive recombination intermediates. al., 1993; Eggleston et al., 1995) . However, an essential aspect of paramutation that distinguishes it from LOI in Irrespective of the actual intermediate or intermediates involved in methylation transfer, this process humans is that it occurs with an extremely high probability during the life span of the plant. This makes it very should clearly provide an unprecedented means by which to map and analyze with great precision the unlikely that paramutation is driven by somatic recombination. We propose instead that the methylation-associregions that are exchanged or that are otherwise contacted between homologous chromatids during ated cases of paramutation reflect a transfer process that is mediated by interactions that are not recombinameiosis.
tion-proficient. Such interactions might correspond to those postulated for the preferential association of opMethylation Transfer, Loss of Imprinting, positely imprinted domains in humans. In plants, howand Paramutation ever, where few if any genes are subjected to gametic The discovery of methylation transfer in Ascobolus imprinting (Kermicle and Alleman, 1990) , no protective might shed light on epigenetic phenomena seen in mechanism would exist to prevent methylation transfer higher eukaryotes, such as LOI in humans and paramufrom occurring as a consequence of these interactions. tation in plants. LOI of the H19 gene observed in most Wilms' tumors is associated with the appearance on Experimental Procedures the normally hypomethylated maternal H19 allele of a hypermethylation profile identical to that of the paternal Definition of a Minimal Fragment Containing the b2 Gene allele (Moulton et al., 1994; Steenman et al., 1994; Tani- The b2 gene was cloned as an 18 kb fragment that can rescue a guchi et al., 1995) . Moreover, chromosomal domains null b2 allele after transformation (Colot and Rossignol, 1995;  Figure  1A ). Further transformation experiments indicated that the b2 gene that are oppositely imprinted, and which include the H19 was entirely contained within the 7.5 kb HindIII fragment shown in region, undergo specific and preferential association in Figure 1A (L. M., V. C., and J.-L. R., unpublished data). The putative human somatic cells (LaSalle and Lalande, 1996) . Asb2 open reading frame is 5265 nt long (O. Lespinet and V. C., unpub- suming that this association relies on DNA-DNA pairing lished data). MIP of the resident b2 alleles used in this study was interactions between intact duplexes as postulated in obtained by first constructing strains containing one or the other of yeast (Weiner and Kleckner, 1994) and that it occurs at two transgenic loci that harbored a functional copy of the b2 gene.
developmental stages at which LOI is established, it may result in a transfer of methylation between the oppositely
Media and Strains
imprinted H19 alleles and hence in LOI. In such a case, Standard Ascobolus genetic techniques and media were used (Colot and Rossignol, 1995; references therein).
however, one must also assume that some protective
